In this paper, we experimentally study the unique surface sensing property and enhanced sensitivity in subwavelength grating (SWG) based microring resonator biosensors versus conventional ring resonator biosensors. In contrast to a conventional ring, the effective sensing region in the SWG microring resonator includes not only the top and side of the waveguide, but also the space between the silicon pillars on the propagation path of the optical mode. It leads to an unique property of thickness-independent surface sensitivity versus common evanescent wave sensors; in other words, the surface sensitivity remains constantly high with progressive attachment of biomolecules to the sensor surface. To increase the robustness of performance of ring shaped circular SWG biosensors, we experimentally demonstrate silicon SWG racetrack resonators. A quality factor of 9800 and bulk sensitivity (S) is ~429.7 nm/RIU (refractive index per unit) results in an intrinsic detection limit (iDL) 3.71×10 -4 RIU in racetrack SWG biosensors while still retaining the accumulated surface thickness properties of circular rings.
INTRODUCTION
Micro-and nano-scale photonic biosensors have become a fast growing research topic driven by the need of portable bio-detection systems with high sensitivity, high throughput, and real-time and label-free detection [1] [2] [3] . Various devices, including surface plasmon devices [4, 5] , microring resonators [6] [7] [8] , silicon nanowires [9] , nanoporous silicon waveguides [10] , one-dimensional (1D) and two-dimensional (2D) photonic crystal (PC) microcavities [11] [12] [13] , have been proposed and demonstrated. Most proposed structures are based on the interaction between the evanescent wave and the biomolecules that are adsorbed or immobilized on the sensor surface. In the silicon-on-insulator (SOI) platform, significant efforts have been made on various evanescent wave sensors focusing on increasing the sensitivity and lowering the detection limit [14] [15] [16] [17] [18] . However, in evanescent wave sensing, the sensitivity drops inevitably with increasing thickness of the surface layer accumulated on the sensor surface with reduced overlap of the optical mode with the analyte. In real applications, this layer includes necessary oxide and chemical layers generated by surface treatment, probe biomarkers, target biomarkers and any other reagents that enhance the signal. The total layer thickness can vary from several nanometers to a few tens of nanometers during experiments.
678
Recently, novel subwavelength grating (SWG) based waveguides and photonic devices were proposed and demonstrated [19] [20] [21] [22] . The SWG waveguide consists of periodic silicon pillars in the propagation direction with a period much smaller than the operating wavelength. In such a structure, the wave propagates similar to conventional strip waveguides, but the interaction region between light and cladding materials is greatly extended. In Ref. [23, 24] , microring resonators based on SWG waveguides were first demonstrated with bulk sensitivity greater than 400 nm/RIU, which is higher than conventional microring resonators based on strip waveguides. As with other sensors, challenges to further improve the sensitivity of the SWG ring resonator involve the need to optimize the quality factor and the detection limit so that the coupling strength between the bus waveguide and the circular ring resonator can compensate the loss.
In this paper, we describe our recent work with silicon based compact SWG ring and racetrack resonators, while at the same time show their unique surface sensing capability. We show that in SWG resonators, the surface sensitivity remains constantly high when surface layer thickness grows, a significant advantage for biosensors and other surface based sensors.
SUB-WAVELENGTH GRATING RING RESONATORS

DEVICE SIMULATION
The structure of the SWG microring resonator is shown in Fig. 1(a) . The silicon SWG microring resonator is on top of the buried oxide layer and is covered by sensing medium (water or other biological buffers, assuming refractive index n = 1.32). Fig. 1(b) shows the top view of the ring-waveguide coupling region. The SWG in the microring resonator uses trapezoidal pillars to minimize bending loss, and achieve better quality factors [25] . The SWG in the bus waveguide still uses regular rectangular pillars [23] . The radius of the microring R is set to 10μm to achieve high intrinsic quality factor and compact size at the same time. Grating period of the SWG is Λ = 200 nm fulfills the condition /2 eff n   (λ = 1550 nm), so that the waveguide operates in the subwavelength regime and behaves like a conventional waveguide [20] . Duty cycle of the grating (ratio of silicon pillar width to grating period) η and waveguide width w are optimized through simulation to maximize the optical field overlap with the sensing medium. The gap between microring and the bus waveguide is d = 50nm. For trapezoidal pillars in the SWG microring, grating period and duty cycle are same as the straight waveguide. Widths of the top base (a) and bottom base (b) are determined by minimizing bending loss in the microring using 3D finite difference time domain (FDTD) simulation [26] . The height of the silicon layer (see Fig. 1(c) ) is h = 220 nm.
To optimize duty cycle η and waveguide width w, the optical mode profile is simulated using the 3D plane wave expansion (PWE) method and the overlapping factor  (defined as the ratio of the electric field inside the low refractive index medium region) is calculated. The results are plotted in Fig. 1(d) , in which waveguide width and duty cycle are scanned in x and y axis respectively. The region inside the blue dashed curve indicates modes that are above the silicon dioxide light line and not well-confined. The absorption loss of light in water also contributes to the total loss in the SWG microring and deteriorates its quality factor. Taking both loss and the overlapping factor  into account, η = 0.65 and w = 450 nm resulted in a calculated overlapping factor  = 0.4. So the width of the rectangular pillar is ηΛ = 130 nm. The optimized a=100nm and b=150nm are determined through bending loss simulation as described above. The TE mode profile simulated with the above parameters is shown in Fig. 2 . Fig. 2(a) illustrates the schematic of the SWG structure. TE mode profiles at cut planes b-d are shown in Fig. 2(b-d) , respectively. Fig. 2(b) is the electric field distribution at the middle height of the pillar (xy plane at y=h/2); Fig. 2(c) shows the electric field between pillars (xy plane at z=constant); Fig. 2(d) shows the field between pillars cutting close to the edge of the pillar (yz plane at x close to edge of the pillar). From the mode profile, it can be seen that in addition to the top surface and sidewalls of the waveguide, where evanescent wave exists, a significant portion of the mode field exists on the light propagation path between silicon pillars. This gives SWG waveguide based microring biosensors extended sensing region and thus unique advantage for surface sensing over conventional microrings.
In a ring resonator biosensor, resonance wavelength shifts as biomolecules immobilize on the surface of the microring resonators through biochemical interactions. Fig. 3 (a) shows a schematic for a sensor on the SWG structure. The surface layer thickness ranges from few nanometers to several tens of nanometers [23, [27] [28] [29] [30] , including surface oxide layer (~5nm), chemical layer (several nanometers, generated after surface treatment with (3-Aminopropyl) triethoxysilane (APTES), glutaraldehyde, etc.) and protein layers (antibodies, antigens, etc., several nanometers per layer). Therefore, surface sensitivity is an important figure of merit.
In resonance based sensing method, surface sensitivity S s can be defined as the resonance wavelength shift in according to the surface layer thickness change [24] :
where n g is group index, t is the thickness of surface layer. As shown in Fig.3(a) , we assume the sensing medium is water (n = 1.32) and the surface layer has uniform thickness in all direction with uniform refractive index of n=1.48 [20, 23, 31] . The susceptibility The SWG structure has the same parameters presented above. monotonically with the accumulation of surface layer. This simulation results coincide with the above mode profile simulation and analysis that SWG structure has superior surface sensing capabilities over evanescent wave based sensors like conventional microring resonator, in terms of both absolute surface sensitivity S s and the ability to maintain high surface sensitivity when surface layer thickness grows.
SENSING EXPERIMENT METHODS
Device fabrication has been described extensively in past work. [23, 24] To characterize the bulk refractive index sensitivity of the proposed SWG microring resonator, different concentrations of glycerol in water solution (0%, 5%, 10%, 20%, v/v) were prepared and flowed onto the chip through microfluidic channels. The resonance wavelengths were recorded and the sensitivity was calculated by / Sn  biotinylated BSA (1mg/mL, from Thermo Fisher Scientific) were flowed to both microring sensors in order. Anti-streptavidin antibody was immobilized on the sensor surface as probe protein. BSA was used as blocking buffer to block any vacant sites. Streptavidin binds to probe protein and later capture biotinylated BSA through biochemical interactions. Before switching reagent at each of the above steps, PBS buffer was flowed to remove any unbound biomolecules. Resonance wavelengths of both the SWG and conventional microring resonator were recorded and resonance shifts were compared.
RESULTS AND DISCUSSION
Scanning electron microscope images of the fabricated SWG microring resonator are shown in Fig. 4(a) . Transmission spectrum of the SWG microring is shown in Fig. 4(b) , from which the free spectral range is measured to be 12.5nm, corresponding to group index
. The estimated quality factor (~/ Q   ) is as high as 9100 due to the use of trapezoidal pillars in the SWG microring which reduces bending loss [25] . Next, bulk refractive index sensitivity of the SWG microring biosensor was characterized. The resonance peak wavelength was monitored during the experiment and plotted in Fig. 4(c) . Thus, the bulk sensitivity can be estimated by a linear fit on the resonance shift versus refractive index change plot, as shown in Fig. 4(d) . The fitting shows a bulk sensitivity of S b = 440.5±4.2 nm/RIU, which is a typical value for SWG microring resonators (slightly lower than that in Ref. 23 due to a larger duty cycle) [23] , and about 4 times of that of a regular microring resonator [6] . Considering the high quality factor, the intrinsic detection limit of the sensor RIU. To demonstrate the enhanced surface sensitivity in SWG microring resonators, both SWG microring resonator and regular microring resonator were fabricated on the same chip and compared in a surface sensing test. The regular microring resonator has the same radius of 10 μm and the waveguide is 450 nm wide and 220 nm high. The gradual red-shift of resonance during reagents flow steps reflects the continuous binding of biomolecules to the chemically treated surface or to its conjugated biomolecules. PBS buffer removes unattached biomolecules and create the same background refractive index so that the resonances can be compared at each step. The resonance shifts of regular microring were also recorded at each buffer washing step. The slightly different curve in the biotinylated BSA step was probably caused by an nonuniform concentration in the solution, but did not affect the following results. The resonance shifts for both microring biosensors are shown in Fig. 5(b) . Resonance shift in SWG microring are several times larger than that in regular microring as expected, because of the much larger optical overlap integrals in SWG microring. It is also seen that with increasing layers on the surface, the  difference between the two microrings also becomes larger.
To explicitly show this difference, surface sensitivity with respect to surface layer thickness is compared in both rings as shown in Fig. 5(c) . The thickness of the surface layers is estimated by combining the simulated surface sensitivity and the experimental resonance shift in SWG microring. According to Equation (1) and the simulation in Fig. 3(b) , the surface sensitivity of the SWG ring is layer [20, 23, 31] ) for the first 25 nm thick of surface layer. Therefore the surface layer thickness can be estimated. The surface sensitivity of the regular microring can then be calculated by the first part of Equation (1). Fig. 5(c) shows that the sensitivity of the microring resonator drops monotonically compared to that of the SWG ring as thickness of accumulated biomolecules grows continuously. Since both devices were tested side by side in the same microfluidic channel, the surface layer thickness can be assumed as the same; thus the resonance shift at each thickness can be compared. The thickness in Fig. 5 (c) also takes into account the initial thickness of silicon dioxide (~5nm) and APTES (~5nm). The SWG microring resonator was also used to detect low concentrations of microRNA (miRNA). The chip containing SWG microring biosensors was chemically modified with APTES and glutaraldehyde as described above. Then capture DNA (1mM) was flowed on the sensor surface followed by blocking buffer. The conjugate miRNA (1nM and 100nM) was then flowed in the microfluidic channels followed by anti-DNA:RNA antibody to amplify the signal. The test result is shown in Fig. 5(d) . A net resonance wavelength shift of 0.11 nm is observed for 1nM miRNA with anti-DNA:RNA antibody amplification. A net resonance wavelength shift of 0.19 nm is observed for 100nM miRNA with antibody amplification. This shows that the SWG microring biosensor is promising in detecting low concentration of biomolecules in real applications.
SUB-WAVELENGTH GRATING RACETRACK RESONATOR
DEVICE SIMULATION
The 3D schematic of the proposed SWG racetrack resonator is shown in Fig. 6(a) . The magnified image between SWG waveguide and SWG racetrack waveguide is shown in Fig. 6(b) . The composite SWG core is formed by periodically interleaving high (silicon) and low (analyte solutions) refractive index materials. To get lower eigen-frequency and increase the photoanalyte overlap, a smaller period of 200nm is chosen. In Fig. 6(b) , represents the period of the SWG structure and equals 200 nm. L, W and H are the length, width and thickness of silicon (Si) pillars, respectively. L c and G represent the coupling length and the gap between the SWG waveguide and racetrack waveguide, respectively. The radius of racetrack is 10μm. The thickness of the buried oxide is 3μm. The upper cladding is the analyte solutions to be detected. To analyze the electric field outside Si pillars around 1550 nm, TM mode profiles (RSoft 3D BandSOLVE simulations) on xy plane at different positions (red and blue dash line in Fig. 6(b) ) are shown in Figs. 6(c) and 6(d) ). The dimension of the silicon pillar (L×W×H) in this simulation is 140 nm×600nm ×220nm. As seen in Figs. 6(c) and 6(d), the y component of the electric field extends into the upper cladding and lower substrate. That means the evanescent field penetrates deeply in the cladding and substrate. The presence of electrical field in analytes is expected to drastically increase the photon-analyte interaction and subsequently enhance both the bulk and surface sensitivity compared with transverse electric (TE) guide modes. However, the increased interaction inevitably causes additional absorption loss by analytes and scattering loss induced by surface roughness. Therefore, a tradeoff between the photon-analyte interaction and optical loss need to be considered in optimizing the design.
In order to quantify the photon-analyte interaction, we calculate the overlap integral f between the optical field and the analytes while varying the size of pillars. The overlap integral is defined as: [33] 
Here, the volume integral in the numerator is the electric field energy outside of the Si pillars. The plot of the f in relation to the duty cycle and width of pillars is shown in Fig. 6 (e) . The f increases with decrease of Si duty cycle and the width of pillars, meaning the light confinement in the core is decreased and thus the sensitivity is enhanced. However, the optical loss will increase significantly. The photonic modes approach the light line of the cladding materials and are subject to more radiation loss resulting in quasi-guided modes [34] . We choose a pillar size L×W×H = 140 nm×600nm ×220nm considering the tradeoff between sensitivity and optical loss. The overlap 39.7% of TM modes is larger than 30.2% of TE modes with the same size pillar. Thus, a higher sensitivity for TM mode SWG racetrack resonators is anticipated compared to the TE mode SWG racetrack resonators with the same geometry. We analyze the coupling coefficients between the coupling length (L C ) and the gap (G) of the racetrack waveguide and subwavelength bus waveguide in RSoft BeamPROP to minimize the influence of light in the racetrack [35] . As shown in Fig. 6(f) , larger coupling length is needed when the gap increases to achieve a maximum coupling strength from bus SWG waveguide to the racetrack waveguide, because the coupling strength is weakened as the gap is increased. The critical coupling can be satisfied when gap is 140nm and the coupling length is approximately equal to 6μm by simulations [36, 37] . Specially, the racetrack resonator is a ring resonator when the L C equals 0. However, the footprint of racetrack resonator is less than that of circular ring with the same circumference.
For TM mode grating couplers, the grating period and Si duty cycle are 850 nm and 0.7 respectively. The SWG period and width of trench are 300 nm and 150 nm respectively. Fig. 7(a) is the optical microscope image of the fabricated SWG racetrack resonator, in which light is coupled into the strip waveguide by the TM grating coupler, then coupled into SWG waveguide by the taper, and coupled out by the other taper and grating coupler. Fig. 7(b) is the scanning electron microscopy (SEM) image of the fabricated SWG racetrack resonator labeled in green dash rectangular in Fig. 7(a) . Figs. 7(c), 7(d) and 7(e) are the TM mode grating coupler, the magnified SEM images of the left taper between strip waveguide and SWG waveguide, and the coupling region of the SWG bus waveguide and SWG racetrack waveguide, respectively.
DEVICE MEASUREMENTS
The fabricated racetrack resonator is measured in DI water and transmission spectrum is shown in Fig. 8 (a) . As seen in Fig. 8 (a) , the quality factor and the extinction ratio of the fabricated devices are maximized near 1560 nm when the coupling length and gap are 6.5μm and 140 nm respectively. The full-width at half-maximum (FWHM) of the resonance at 1562.9 nm in DI water is 0.16 nm, corresponding to a quality factor of ~9800, and the extinction ratio is about 24.6dB. The optimized coupling length is 6.5μm in fabrication which is slightly different from the simulation results (6 μm). The fabrication induced roughness is possibly the reason for the discrepancy between the simulation and the fabrication. Fig. 8(b) . The vertical dotted green line represents the time when new concentration of glycerol solution is injected. Fig. 8(c) shows the stabilized transmission spectra after the new concentration solutions are applied. The refractive indices for 0%, 5%, 10%, and 20% concentration solutions of glycerol are 1.333, 1.340, 1.347 and 1.362, respectively [32] . Fig.  8(d) is the plot of linear fitting of the resonance shift in relation to the change of refractive index of the solution. The bulk sensitivity of the fabricated devices is about 429.7nm/RIU. The sensitivity of the fabricated devices with a relative larger waveguide width (600 nm) and smaller radius of racetrack (10μm), is larger than 402nm/RIU in the SWG ring with the waveguide width of 500 nm and 30μm radius of ring. The intrinsic detection limit (iDL) of the proposed structure is 3.71×10 -4 RIU, lower than that in the ring resonator of 5.5×10 -4 RIU [24] . The sensitivity of the SWG racetrack resonator is larger than that of TM mode strip waveguide ring resonators with waveguide thicknesses of 150 nm (247nm/RIU) and 220nm (238nm/RIU) [24] . The bulk sensitivity can be further improved by decreasing the Si duty cycle and the width of waveguide to increase the mode volume overlap. Furthermore, compared to the ring resonator (radius of 12.1μm) with the same circumference (75.8μm), the radius of racetrack resonator (10μm) is reduced by 17.4%, and the footprint is reduced by 9.5%, which further improves the packing density of optical sensors in a lab-on-chip system.
CONCLUSIONS
In conclusion, SWG microring resonator biosensors possess unique property of thicknessindependent surface sensitivity and enhanced sensitivity compared to conventional microring resonators. Due to periodic pillar structure in the propagation direction, the effective sensing region is greatly extended, including not only on top and side of the waveguide, but also the space on the propagation path between the periodic pillars. Biosensing experiments on both SWG microring and conventional microring demonstrated the superior surface sensing capability of the SWG waveguide. We experimentally demonstrated miRNA detection at 1nM concentration with TE-polarized SWG ring resonators. We also demonstrated a compact and highly sensitive TM-polarized SWG racetrack ring resonator that is more tolerant to design variations. The sensitivity can be further improved with more aggressive mode volume overlap and more strict control of fabrication.
